The human hair follicle is a neuroendocrine mini-organ that can be used to study aging processes in vitro. Neurotrophins maintain homeostasis in hair biology via the Trk-family of receptors. TrkA, the high affinity receptor for nerve growth factor (NGF), is expressed in hair follicle melanocytes and keratinocytes, where it regulates proliferation, differentiation and apoptosis and may thereby play a role in hair pigmentation and growth. We investigated TrkA expression during the human hair cycle and the effects of a selective high affinity TrkA agonist, Gambogic Amide, on hair pigmentation and hair growth in human hair follicles in vitro. In human scalp skin, TrkA expression was strongest in proliferating melanocytes reestablishing the pigmentary unit in the hair bulb during the early hair growth phase, anagen. During high anagen and in the de-composing pigmentary-unit of the regression phase, catagen, bulb-melanocytes lost TrkA expression and only undifferentiated outer root sheath melanocytes maintained it. In cultured human anagen hair follicles, Gambogic Amide was able to prevent gradual pigment loss, while it stimulated hair shaft elongation. This was achieved by increased melanocyte activation, migration and dendricity, highlighted by distinct c-KIT-expression in melanocyte sub-populations. Our results suggest that Gambogic Amide can maintain hair follicle pigmentation by acting on undifferentiated melanocytes residing in the outer root sheath and making them migrate to establish the pigmentary-unit. This suggests that the selective TrkA agonist Gambogic Amide acts as an anti-hair greying and hair growth promoting molecule in vitro.
Introduction
In today's society healthy aging is crucial for well-being. One of the clinically visible signs of aging is greying hair [1] . This is why greying, the reversion of greying as well as the maintenance of hair pigmentation have been subject to extensive research in both academia and cosmetic industry. Past research efforts in this vein successfully employed the hair follicle as an PLOS ONE | https://doi.org/10.1371/journal.pone.0221757 August 29, 2019 1 / 14 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
exemplary mini-organ for the study of cellular and molecular processes of aging in general [2, 3] . Moreover, the hair follicle can be cultured and employed to study pharmacologic interventions [4] . However, hair follicle pigmentation and growth are complex processes and it is a challenge to find effective and safe means for anti-greying and hair growth applications to be used in clinical praxis. Hair follicle pigmentation involves exact temporal and spatial regulation of the cells that produce the pigment, the melanocytes. Melanocyte turnover within the hair follicle, meaning renewal (recruitment, migration and proliferation), maturation (differentiation) and removal (senescence and apoptosis) is highly regulated to prevent melanoma development and spontaneously occurring primary hair follicle melanoma is in fact rarely reported [5] . To prevent and treat greying, interference with hair follicle melanocytes seems inevitable and thus the risk of melanoma induction looms.
To identify safe intervention strategies, it is therefore necessary to monitor melanocyte dynamics during hair growth. Hair shaft pigmentation, also called follicular melanogenesis, in both mice and humans is tightly linked to the growth phase (anagen) of the hair cycle [6] [7] [8] , which is followed by a regression phase (catagen) and a resting phase (telogen) [9] . During early anagen, melanoblasts are recruited from the hair follicle bulge region in the outer root sheath and migrate to the hair follicle bulb where they start establishing the pigmentary-unit [9] [10] [11] . Melanocytes mature during high anagen and are then fully functional with respect to melanogenesis. When catagen is induced and the hair follicle starts to regress, the pigmentaryunit decomposes and melanocytes are removed from the regressing hair follicle by programmed cell death [9] . This melanocyte turnover during hair cycling can be monitored by various cellular markers such as Trp2 (early melanocyte differentiation), c-KIT (melanocyte migration), NKI-beteb (mature melanocytes), Ki67 (cell proliferation); p16 (maturation, senescence), or TUNEL-staining (apoptosis) demonstrating the tight regulation of proliferation, migration and finally death of melanocytes during the hair cycle.
Ideally, the mechanisms allowing hair pigmentation to be reestablished with each hair cycle are in a state of homeostasis. This homeostasis works optimally for the first 10-15 hair follicle growth cycles (until about 40 years of age). Thereafter, the mechanisms that maintain pigmentation seem to exhaust and the regeneration potential of the pigmentary-unit diminishes, leading to grey or white hair [12] .
An agent stimulating hair follicle pigmentation should improve homeostasis but not interfere with it. One of the main routes studied to improve hair pigmentation focusses on melanin synthesis in hair follicle melanocytes and the gradual loss of factors maintaining it, such as alpha-melanocytes stimulating hormone (alpha-MSH) [13] . In addition, oxidative stress damage to hair follicle melanocytes is well established as one of the main causes of hair greying and involves declining anti-oxidant availability [14] and the lack of both genomic and mitochondrial DNA-repair [15, 16] . Further investigations into regulation of hair greying included comparative gene-expression analysis of pigmented, greying and white hair follicles [3, [17] [18] [19] . Our own such study revealed down-regulation of a set of genes involved in melanogenesis like tyrosinase, tyrosinase-related protein, Melan-A and SILV, and melanocyte migration like c-KIT but also regulators of oxidative stress like glutathione peroxidase and calpain 3 [3] . We could also show that greying is associated with non-optimal energy metabolism represented by dysregulated glutamine processing possibly leading to down-regulation of the neurotransmitter and signaling molecule glutamate, and up-regulation of GABA.
Skin has documented neuroendocrine properties [20, 21] , and specifically melanogenesis is under hormonal regulation (nicely reviewed by Slominski et al 2004 [22] ). It is now well established that also the hair follicle is a neuroendocrine organ and that hair growth and pigmentation are modulated by neurotrophins (NT) [13, 23, 24] . Hair follicle keratinocytes express functional receptors for various neurotrophins such as the high affinity Trk-family of receptors [23] [24] [25] and the low affinity p75NTR [26] . Previous studies suggest that the best studied neurotrophin, nerve growth factor (NGF) acts via TrkA to promote hair growth while its precursor pro-NGF acts via p75NTR to promote apoptosis and drive hair follicles into catagen [26] . Being derived from the neural crest, melanocytes are neuroendocrine cells [27, 28] that express NTs and their receptors [29, 30] and it was shown that NTs up-regulate the expression of Trp1 and tyrosinase in epidermal melanocytes [29] . Moreover, NGF and its high affinity receptor TrkA were found in hair follicle melanocytes during anagen. The question therefor arises, if expression and manipulation of TrkA plays a role in hair follicle pigmentation homeostasis [31] . Gambogic Amide, a derivative of a natural product, gambogic acid and the major active ingredient in gamboge, a resin secreted by the Garcinia hanburryi tree in South-eastern Asia [32] , was identified in a screen for small-molecule agonists to the TrkA receptor, selectively inducing its tyrosine phosphorylation. Furthermore, Gambogic Amide prevented neurons from glutamate-induced apoptosis and induced neurite outgrowth in PC12 cells [33] . In addition, it was found that Gambogic Amide is able to induce TrkA protein-expression [34] . Based on this knowledge we hypothesized that Gambogic Amide could be a promising molecule regulating melanocyte biology and pigmentation. Therefore, we investigated the effects of Gambogic Amide on melanocytes and pigmentation as well as growth of human hair follicle organ culture.
Material and methods

Tissue collection and donors
Tissue collection was essentially done as previously described [3] . In brief: Following Declaration of Helsinki principles and after obtaining approval from the institutional review board at Universitätsmedizin Charité Berlin, and written informed patient consent, temporal scalp skin was obtained from elective plastic surgery (face lifting) on healthy postmenopausal females between 40 and 75 years of age and processed as described before [4, 26, 35] . Samples had been obtained from plastic surgeons in collaboration since 2007. Full thickness skin biopsies were processed for histomorphometric assessment as described previously [3, 26, 36] and below. In addition, approximately 30 anagen VI HF per donor were sorted under an inverted microscope and further processed for immunohistochemistry and HF organ culture as described below.
Human hair follicle organ culture
Anagen VI HF were cultured for seven days in supplemented Williams' E medium (Biochrom AG, Berlin, Germany) as published before [15, 37] . On days 1, 4 and 7 medium and supplements were replaced, and pigmentation status and total length of each HF was documented. During this culture period, hair follicles maintain growth but gradually lose pigment similar to the loss of hair pigmentation during the greying process. HF were harvested on day 7 in Histogel embedding medium (Vector Laboratories, Peterborough, UK) for immunohistochemistry. Culture experiments were performed on at least three donor samples per group if not otherwise indicated in the figure legends. Hair follicles were treated with NGF (Boehringer Ingelheim, Ingelheim am Rhein, Germany) and Gambogic Amide (Gaia Chemical Corporation, Gaylordsville, CT, US) for seven days as indicated in figures. Controls were DMSO treated which was used as Gambogic Amide vehicle.
Routine-and immunohistochemistry
8-μm-thick longitudinal cryosections through full thickness human scalp skin and cultured HF were processed and analyzed using a digital image analysis system (AxioVision, Zeiss, Göt-tingen, Germany) as previously described [3] . For NKI-beteb (detects Pmel17 [38] ), c-KIT (receptor for SCF), TrkA; expressions were immunohistochemically detected following adapted established protocols (Table 1) [15, 37, 39] . Likewise, for hair cycle staging [39] and dystrophy screening Hematoxyline-Eosin (Merck, Darmstadt, Germany) staining was performed.
Statistical evaluation
Statistical analysis was performed as previously described [3] . Means were calculated, and significant differences have been determined by Mann-Whitney U Test for unpaired samples. 
Results
TrkA is expressed by undifferentiated melanocytes during the hair cycle
Native human scalp skin was investigated for TrkA expression of distinct sub-populations of hair follicle melanocytes during the hair cycle and showed a staining of keratinocytes in the outer root sheath throughout. In addition, in early anagen hair follicles round undifferentiated melanocytes in the re-establishing pigmentary-unit strongly expressed TrkA (Fig 1) . In high anagen hair follicles with a fully establishment pigmentary-unit, melanocytes in the unit were all TrkA-negative while undifferentiated TrkA-positive melanocytes were found in the outer root sheath, which harbours the occasional melanoblast (Fig 1) . In catagen the de-composing pigmentary-unit housed TrkA-negative melanocytes while, reminiscent to anagen, TrkA-positive melanocytes were found in the outer root sheath (Fig 1) .
Low NGF concentrations prevent pigment loss in cultured human hair follicles
Next the capacity of the TrkA agonist nerve growth factor (NGF) to modulate pigmentation in cultured human hair follicles was tested. 5 ng/ml NGF maintained pigmentation in cultured human anagen hair follicles (Fig 2) over the course of 7 days of incubation with NGF. Interestingly, this pro-pigmentary effect was absent when 50 ng/ml NGF were used (Fig 2) , resembling the previously reported contrasting effects of 5 versus 50 ng/ml NGF on hair growth [26] . d-dermis, dp-dermal papilla, hfe-hair follicle epithelium, pu-pigmentary unit. Bars = 15 μm.
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High concentrations of Gambogic Amide repress pigment loss in cultured human hair follicles
Based on the findings in Figs 1 and 2 we chose to investigate the effect of Gambogic Amide, a selective TrkA agonist identified in a screen for small molecule TrkA agonists [33] , on the pigmentation of cultured hair follicles. As depicted in Fig 3 , Gambogic Amide at 100 nM and above was able to slow down the de-pigmentation process normally seen in cultured human anagen hair follicles significantly at doses of 100 to 1000 nM, and without signs of toxicity (Fig 3) . 
Histomorphometry characterizes melanocyte biology during hair pigmentation homeostasis
To analyze target melanocyte subpopulations of Gambogic Amide we investigated c-KITexpression of hair follicle melanocytes in response to Gambogic Amide in various compartments of the hair bulb after 7 days of culture (Fig 4A) . While control hair follicles only expressed a small number of c-KIT+ rounded up melanocytes in the hair shaft, there was an increase in c-KIT+ melanocytes in all hair follicle compartments studied in hair follicles treated with 10-1000 nM Gambogic Amide (Fig 4B) except for the outer root sheath below Auber's line, where there were no c-KIT+ melanocytes found. The most dramatic increase in c-KIT+ melanocytes was found in the compartments above the Auber's line (Fig 4B) , suggesting enhanced activation and migration of differentiating melanocyte precursors. Furthermore, we observed a slight increase in melanocyte dendricity in response to Gambogic Amide (50-1000 nM) (Fig 4C) . No signs of dystrophy were observed during the entire course of treatment (Fig 4C) .
To control, if these effects occurred within the anagen phase or were associated with premature catagen development in cultured anagen hair follicles, hair follicles exposed to Gambogic Amide were subjected to hair cycle progression analysis. By histomorphometry, Gambogic Amide at all tested concentrations did not significantly alter hair cycle progression compared to control samples (Fig 4D) . In fact, over the course of 7 days exposure in vitro the hair follicles were still in anagen phase.
Concerning melanocyte turnover and cellular homeostasis, we found here an increased p16 expression at all tested concentrations with a peak at 500 nM of Gambogic Amide in melanocytes of all follicular compartments (Fig 4E) . However, no particular increase in Trp2 and TUNEL expression was seen (not shown). Gambogic amide is also a hair growth promotor in cultured human anagen hair follicles Finally, growth of hair follicles exposed to Gambogic Amide was analyzed and revealed that in addition to hair pigmentation maintenance, Gambogic Amide was able to increase hair shaft elongation at all concentrations tested (Fig 5) . This further underpinned the capability of Gambogic Amide to safely act as a pro-pigmenting agent in hair follicles without promotion of premature hair follicle regression or induction of hair dystrophy.
Discussion
In this study we investigated the expression of TrkA in human hair follicles and studied the effects of a selective, plant derived TrkA agonist Gambogic Amide on the pigmentation of hair follicles in vitro to investigate its potential as an anti-aging ointment. We found TrkA expression during the human hair cycle in distinct melanocyte subpopulations suggestive of its expression primarily in undifferentiated melanocytes and potentially melanoblasts (Figs 1 and  2) . Also, NGF and Gambogic Amide, both acting through the TrkA tyrosine kinase receptor, were able to slow-down the de-pigmentation process normally observed in vitro in cultured human anagen hair follicles and the histomorphometry of treated hair follicles suggested mobilization of un-differentiated melanocytes in the outer root sheath (Figs 3 and 4) . In the human scalp skin, we found that TrkA was strongly expressed in hair follicle melanocytes in the outer root sheath and in the developing pigmentary-unit at the beginning of anagen as well as in the outer root sheath of fully developed anagen hair follicles. This is in line with previous findings showing that TrkA is mainly expressed in melanocytes and keratinocytes in anagen hair follicles [31] . However, differentiated melanocytes in the fully developed pigmentary-unit of high anagen hair follicles in the analysis presented here were TrkA-negative. Hence, melanocytes presumably lost TrkA expression sometime during the establishment of the pigmentary-unit from early into high anagen. TrkA agonists such as NGF and Gambogic Amide can therefore mainly act on undifferentiated TrkA-positive melanocytes or melanoblasts, which are cells with high proliferative and migratory potential when activated.
In addition, TrkA-positive melanocytes were round-shaped and expressed the melanocyte migration marker c-KIT. In mice, c-KIT was previously shown to be predominantly expressed in migrating melanoblasts in the developing hair follicle [40] and it is known to be a survival marker for migrating and differentiating melanocytes [41] required for the cyclic regeneration of the pigmentary unit and hence pigmentation of hair follicles [42] . Indeed, it was shown in mice that treatment with [4-t-Butylphenyl]-N-(4-imidazol-1-yl phenyl)sulfonamide (ISCK03) an inhibitor of c-KIT signaling abolished melanin synthesis leading to depigmentation of newly grown hair [43] . In humans, it is well established that mutations in the c-KIT receptor gene lead to piebaldism which is characterized by patchy depigmentation of body, scalp and hair [44, 45] . We here found that Gambogic Amide significantly induced the expression of c-KIT in melanocytes in the outer root sheath as well as in hair follicle compartments above the Auber's line where they contribute to hair follicle pigmentation.
In line with c-KIT being also a melanocyte differentiation marker, the melanocytes in hair follicle treated with Gambogic Amide also displayed slightly enhanced dendricity. Since melanocytes are derived from the neural crest it resembled the capability of Gambogic Amide to induce neurite outgrowth in various neuronal cell lines [33, 34] . In addition, induction of the NGF receptor in epidermal melanocytes with phorbol 12-tetradecanoate 13-acetate (TPA) correlated with the appearance of a more dendritic morphology [46] .
Looking at hair follicle pigmentation we found that Gambogic Amide showed a similar activity as nerve growth factor NGF, which is the natural high affinity agonist of TrkA. In contrast to NGF however, we found that Gambogic Amide showed pro-pigmenting activity dosedependently at higher concentrations, whereas NGF showed a maximum at 5 ng/ml. High concentrations of NGF like 50 ng/ml decreased hair follicle pigmentation in vitro (Fig 2) . Notably, the NGF preparation used in this study is the same as was used previously by Peters et al. [26] . It contains low amounts of pro-NGF and hence also acts on p75NTR, the high affinity receptor for pro-NGF and the low affinity receptor for NGF. It may be that at a certain amount of pro-NGF activity on p75NTR outperforms the activity on TrkA and drives the hair follicles not only into catagen [26] but also into depigmentation. Interestingly, others found that NGF and Gambogic Amide displayed different kinetics in terms of activation of TrkA. NGF provoked initial activation by enhanced expression and fast degradation of TrkA whereas Gambogic Amide showed a more sustained TrkA activation pattern with a constantly increasing expression over three days in a human leukemia cell line [34] . A similar mechanism could be present in human hair follicles. Hence, we see better maintenance of in vitro hair follicle pigmentation in a dose-dependent manner with Gambogic Amide (Fig 3) , rather than an optimum as with NGF (Fig 2) . These conclusions are supported by the observation that a high dose of NGF failed to prevent pigmentation loss. NGF solutions obtained from in vivo sources contain both the active compound and the precursor proNGF, which has a high affinity to p75NTR. In contrast to NGF-TrkA interaction, proNGF-p75NTR interaction can induce apoptosis, especially when high proNGF is present and TrkA is low [47] . Increased levels of proNGF alongside NGF may also explain why NGF, released in high dosages during stress, shows conflicting results in studies addressing distress disorders [48] [49] [50] . In vivo, high dosage NGF effects may therefore be outweight by proNGF effects and specific TrkA agonists address desired TrkA activation more effectively.
We used here the Philpott model of hair follicles which are truncated below the bulge region. This means Gambogic Amide acted on undifferentiated melanoblasts released from the bulge already, and as such was able to sustain pigmentation in vitro more efficiently (Fig 3) without acting on stem cells. Thus, we propose that over-consumption of stem cells and subsequent pre-mature greying will no be an issue in vivo. However, we cannot completely exclude that there could be a feedback loop in full length hair follicles leading to the over-consumption, or that Gambogic Amide exerts other effects on the stem cells residing in the bulge.
In summary, we provide evidence that it is possible to halt the hair aging process represented by hair greying in vitro with Gambogic amide. An important mechanism how Gambogic Amide stimulates pigmentation in hair follicle melanocytes is via induction of c-KIT expression (Fig 4) . Gambogic Amide seems to rebalance defects in c-KIT signaling occurring in human hair follicles in vitro leading to depigmentation simulating greying under normal culture conditions. As mentioned, hair follicle pigmentation is a tightly regulated process involving not only recruitment of melanocytes and establishment of a functional pigmentary unit, but also constant cell turnover by maturation, senescence and apoptosis. We found increased p16 expression in melanocytes of all follicular compartments, similar to the increase in c-KIT expression (Fig 4E) . This underpins the observation that Gambogic Amide acts during a window of melanocyte migration, establishment of the pigmentary unit until the mature cells start senescence. This increase of senescent cell population together with an increase in melanogenic activity ensures follicular melanocyte homeostasis and aids to the notion of Gambogic Amide being safe as a potential anti-hair aging molecule.
The potential of Gambogic Amide or other molecules activating TrkA signaling in human hair follicle as a remedy to reverse signs of aging hair like greying is further corroborated by the finding that Gambogic Amide is able to induce hair follicle growth in vitro (Fig 5) . In addition, we found that Gambogic Amide has no significant influence on the hair growth cycle since hair follicles treated with Gambogic Amide were found to be in the same growth phase (anagen) as control hair follicles (Fig 4D) .
The notion that Gambogic Amide recruits melanocytes of the outer root sheath while the hair continues or even improves its growth activity is evidenced by the maintenance of anagen morphology and increased hair shaft elongation. This is intriguing, as it was shown previously that without treatment, in vitro pigmentation correlated negatively with hair shaft elongation in cultured human anagen hair follicles and vice-versa and that this links with up-regulated gene-expression of keratins involved in active hair growth [15, 51] . Our finding further underpinned the capability of Gambogic Amide to safely act as a pro-pigmenting agent in hair follicles.
In conclusion, we provide evidence that the TrkA agonist Gambogic Amide is a promising molecule able to protect hair follicle pigmentation in vitro by mobilizing TrkA and c-KIT-positive hair follicle melanocytes. Furthermore, Gambogic Amide has a growth promoting activity on hair follicles in vitro, further highlighting its potential as a hair health or hair anti-aging active.
